The plasma level of the chemokine CCL3 is elevated in patients with chronic severe schistosomiasis mansoni. We have previously shown that CCL3
CCR5 is expressed on various cell types, including thymocytes (11) , B cells (18) , T lymphocytes (15) , macrophages (13) , and dendritic cells (44) , and appears to play a relevant role in the migration of blood mononuclear cells (39) . Ligands that exhibit high affinity for CCR5 are CCL3, CCL4, CCL5, and CCL8. In mice, CCR5 is one of the two main chemokine receptors, besides CCR1, onto which the CC chemokine CCL3 exhibits agonistic activity (34) . The latter chemokine has been suggested by two previous studies of our group to play an important role in the pathogenesis of schistosomiasis. The main findings of these studies which led to this suggestion were (i) a correlation between high plasma levels of CCL3 and the occurrence of severe disease in humans (16, 42) and (ii) the development of milder infection and pathology in CCL3 Ϫ/Ϫ mice than in wild-type (WT) controls (42, 43) . Moreover, treatment with Met-RANTES, a CCR1 and CCR5 antagonist, inhibited cellular reactivity in a model of in vitro granuloma reactions when cells were obtained from hepatosplenic patients, while it tended to exacerbate the granuloma index in cultures derived from intestinal patients (16) . To the best of our knowledge, there are no reports of the course of Schistosoma mansoni infection in mice that are deficient in CCR5.
CCR5 plays essential roles in the inflammatory response induced by infectious diseases. It was demonstrated previously that a mutated CCR5 allele (CCR5⌬32 homozygous) was associated with relative protection against HIV-1 transmission and pathogenesis (21) . Experiments using CCR5-deficient mice showed that this chemokine receptor plays an important role in controlling local inflammation and pathogen persistence in experimental infection with Toxoplasma gondii (26) , Trypanosoma cruzi (29) , Histoplasma capsulatum (27) , and Leishmania major (46) and in paracoccidioidomycosis (33) . The two latter studies indicated that CCR5 favors the recruitment of cells with regulatory properties to the site of infection, leading to a modulation of the immune response. Given the lack of reports on the course of S. mansoni infection in mice that are deficient in CCR5, the evidence that CCL3, one of CCR5 ligands, is relevant in S. mansoni infection, and evidence from both human and animal models that CCR5 may have a role in the pathogenesis of various infectious diseases, we have infected CCR5-deficient mice to investigate further the role of CC chemokines in the context of schistosomiasis.
MATERIALS AND METHODS

Animals and infection.
The animals used for the experimental infections were male and female C57BL/6J mice from the animal facility of the Universidade Federal de Minas Gerais (UFMG), and CCR5-deficient mice (47) in the C57BL/6J background, purchased from the Jackson Laboratories (Bar Harbor, ME) and bred in the animal house of the Department of Biochemistry and Immunology (UFMG). Mice were 10 Ϯ 1 weeks old at the time of infection. The procedures applied here have been reviewed and approved by the local animal ethics committee. Water and chow were given ad libitum.
Schistosoma mansoni strain LE used in the experiments was originally isolated from a patient in Belo Horizonte, Brazil, and has been maintained in successive passages through Biomphalaria glabrata snails and hamsters (Mesocricetus auratus) at the Laboratory of Schistosomiasis, Department of Parasitology, UFMG. Cercariae of the parasite were harvested from infected Biomphalaria glabrata snails, washed, counted, and injected subcutaneously into each mouse (25 cercariae per mouse) by an experienced technician (35) . In the same experiment, all groups of mice were injected with the same cercaria suspension. Mortality during the infection period, which lasted 14 weeks, was observed. In any single experiment, comparisons were made only for male versus male or female versus female mice to avoid sex-dependent interferences, although no tendency toward increased mortality was observed for any sex (data not shown). Due to the high rate of mortality of CCR5-infected animals after 10 weeks of infection, the parasitological, pathological, and immunological parameters of chronically infected animals were analyzed at 11 weeks of infection. Numbers of regulatory T cells in livers and spleens of mice at 8 weeks after infection were evaluated by immunohistochemical and cytometric techniques. This time was chosen because we reasoned that regulatory events would appear before changes in pathology and mortality would occur.
Harvesting of adult worms from the portal system. To assess parasite burden, the circulatory system of each infected mouse was perfused after 11 weeks of S. mansoni infection, as described previously by Pellegrino and Siqueira (36) . Worms recovered from each infected mouse were counted with the aid of a stereomicroscope. Male and female worms were morphologically identified and counted. The liver and intestine of animals subjected to perfusion were digested in 5% KOH for egg counting, as previously described (6) . All other techniques discussed in following sections were applied to mice that had not been subjected to hepatic perfusion. For each technique the experiments were repeated at least twice, with similar results.
Spleen cell culture and cytokine quantification. For in vitro cell culture, infected (11 weeks of infection) and noninfected mice of both phenotypes were injected with a lethal dose of a mixture of ketamine (60 mg/kg of body weight) (Dopalen; Vetbrands) and xylazine (40 mg/kg) (Calmiun; Agener União) and bathed in a 70% alcohol solution. The abdominal wall was opened in a sterile environment, and the spleen was removed. The spleen was passed through a 70-m cellular sieve, and the resultant cell suspension was washed and diluted in RPMI medium (Sigma) containing 5% fetal calf serum (FCS) (Cultilab), 2 mM glutamine (Sigma), 100 IU/ml K ϩ penicillin (Pen-Syn; Wyeth), and 40 g/ml gentamicin (Garamicina; Schering-Plough) to a concentration of 1 ϫ 10 7 cells/ml after a step of erythrocyte lyses. A total of 100 l of cell suspension was added to a 96-well plate containing soluble egg antigen (SEA) at a final concentration of 50 g/ml or only culture medium. Soluble egg antigen was prepared from livers of S. mansoni-infected mice, as previously described (5) . Spleen cells plated as described above were maintained for 48 h in a humidified cell incubator in the presence of air containing 5% CO 2 . The cell supernatants were then collected for the quantification of interleukin-4 (IL-4), IL-5, IL-10, IL-13, gamma interferon (IFN-␥), CCL3, and CCL5 by an enzyme-linked immunosorbent assay (ELISA) according to the instructions supplied by the manufacturer (R&D Systems).
Morphometric analysis of liver granulomas. The livers from the same animals used for splenocyte cultures (11 weeks after infection) were separated, and the right lobe of each animal was readily immersed in 4% formaldehyde prepared in phosphate-buffered saline (PBS) and incubated at room temperature for 18 h, after which time the tissue samples were washed, transferred into 70% ethanol, and then paraffin embedded. Five-micrometer-thick sections were stained by the Picro-Sirius method (23) . For this purpose, Direct Red 80 (Sigma) and picric acid (Synth) were used. Harris hematoxylin (Merck) was used as a counterstain. Liver sections were also stained with hematoxylin and eosin (H&E) to evaluate the inflammatory infiltration.
For the quantitative measurement of liver granulomas induced by S. mansoni infection in both experimental groups, images were captured with a 20ϫ objective at a ϫ10 ocular magnification with a digital camera (DP12; Olympus) and analyzed with Image Pro-plus 4.0 software. Thirty or more granulomas containing a single central egg with viable miracidia were randomly selected for each animal. Fused granulomas, i.e., granulomas in which it was possible to observe more than one egg, or granulomas in which the egg was not visible or destroyed were excluded from the analysis. The granuloma area was measured with digital images using Image Pro-plus 4.0, the volume of each lesion was calculated by assuming a spherical shape, and the mean granuloma volume was plotted for each mouse (7) . During the morphometric analysis of liver granulomas, we observed that some granulomas exhibited an unusual type of collagen distribution. To quantify this observation, the same granuloma images used to measure the reaction area were also categorized according to collagen distribution as follows: granuloma with poor collagen deposition, granuloma with widespread collagen deposition, granuloma with collagen deposition mainly in the peripheral layer, granuloma with marked collagen deposition in the paracentral layer, and granuloma with exuberant collagen deposition in the paracentral layer and peripheral layer. The percentage of each granuloma type was calculated for each mouse, and the average was plotted and analyzed for each experimental group, CCR5
Ϫ/Ϫ and WT mice, as shown in Table 1 . Stained liver sections were also used for estimating the amount of eggs present in this tissue. To this end, the average number of eggs/field observed with a 20ϫ objective at a ϫ10 ocular magnification was calculated based on 20 random fields for each mouse, giving the egg densitometric index.
The remaining liver samples obtained from each animal were kept at Ϫ70°C for the quantification of hydroxyproline and enzymatic activities.
Quantification of N-acetylglucosaminidase and eosinophil peroxidase activity in liver tissue. The enzymatic activity in liver samples of mice from both phenotypes was assayed. The activity of the N-acetylglucosaminidase (NAG) enzyme was used as an indirect measurement of macrophage infiltration in tissue samples, as previously shown (20) , and the assay was performed after being adapted to small samples, as described elsewhere previously (3) . Similarly, we used eosinophil peroxidase (EPO) activity to indirectly estimate the eosinophilic infiltration into the liver, as previously described (41, 45) .
Hydroxyproline quantification. Liver samples of mice at 11 weeks of infection and noninfected controls were also used for hydroxyproline determination as an indirect measure of collagen content (38) . To that end, tissues were homogenized in 0.9% saline, frozen at Ϫ70°C, and lyophilized. The assay was performed with 20 mg of the dry tissue, which was subjected to alkaline hydrolysis in 300 l H 2 O plus 75 l NaOH (10 M) at 120°C for 20 min. An aliquot of 50 l of the hydrolyzed tissue was added to 450 l of chloramine T oxidizing reagent (0.056 M chloramine T and 10% n-propanol in acetate-citrate buffer [pH 6.5]) and allowed to react for 20 min. A hydroxyproline standard curve was prepared in a similar manner. Color was developed by the addition of 500 l of 1 M pdimethylaminobenzaldehyde diluted in n-propanol-perchloric acid (2:1, vol/vol), and the absorbance was read at 550 nm. The increase in the hydroxyproline content due to S. mansoni infection was expressed as g per mg of dried tissue after subtracting the hydroxyproline content of noninfected livers from mice of the same phenotype. The hydroxyproline content was also adjusted by the amount of parasite egg retained in liver. This was done by dividing the hydroxyproline concentration by the egg densitometric index obtained from the same mouse.
Immunohistochemical and cytometric studies of spleen and liver. In a separate experiment, mice were sacrificed just prior to the expected beginning of the mortality phase, i.e., at 8 weeks postinfection. Immunohistochemical staining of Foxp3-positive cells was done for the liver and spleen of infected mice using affinity-purified anti-mouse/anti-rat Foxp3 (clone FJK-16S; eBioscience) and a staining kit (Cell & Tissue; R&D Systems) according to the manufacturers' instructions. Positive cells were visualized by 3,3Ј-diaminobenzidine (DAB) staining and counted by microscopy. To confirm the immunohistochemical results obtained for the spleen, a sample of this tissue was removed and macerated through a 70-m sieve, and cells were purified by using a Percoll gradient. Individual cell suspensions of spleens from wild-type and CCR5-deficient infected mice were stained by using fluorescein isothiocyanate (FITC) anti-CD4 (Pharmingen) and phycoerythrin (PE) anti-Foxp3 (eBioscience) and counted with a FACScan instrument (Becton Dickinson).
Statistical analysis. Results are expressed as means and standard errors of the means (SEM) for normally distributed data. The averages were compared by using a Student's t test (2 groups) or one-way analysis of variance (ANOVA), and P values were assigned by using Newman-Keuls post hoc analysis. For data presenting a nonparametric distribution, such as granuloma volume, a MannWhitney test was used. A Kaplan-Meier test was used to compare survival curves between S. mansoni-infected wild-type and S. mansoni-infected CCR5 Ϫ/Ϫ mice. The frequencies of collagen deposition patterns in granulomas of infected mice from both experimental groups were compared by using a two-tailed Fisher exact test.
RESULTS
Infection indices for wild-type and CCR5
؊/؊ mice. The lethality curves for the different groups of mice are shown in Fig.   1 . In our experimental model, S. mansoni infection induced a low mortality rate in wild-type mice. A clear increase in the mortality rate was detected for infected CCR5 Ϫ/Ϫ mice, reaching 70%, compared to 19% for the wild-type group at 14 weeks after infection. Death of infected CCR5 Ϫ/Ϫ mice started at 9 weeks postinfection, i.e., around 3 to 4 weeks after the beginning of egg deposition by S. mansoni.
The parasite burdens of wild-type and CCR5 Ϫ/Ϫ mice were nearly identical, with female worms being roughly half the total number of worms in either case ( Fig. 2A) . No statistical difference was observed for the numbers of eggs recovered from the liver (Fig. 2B) and intestine (Fig. 2C ) of infected wild-type and CCR5
Ϫ/Ϫ mice, as assessed by total tissue digestion. The number of embolized eggs in the liver and intestine of infected wild-type and CCR5 Ϫ/Ϫ mice was also estimated by histological examination, confirming results obtained after tissue digestion (results not shown). These results suggest that the difference seen in lethality is likely a result of a role for CCR5 in pathology rather than parasite burden.
Foxp3 expression in spleen and liver of S. mansoni-infected animals. The expression of Foxp3 in the spleen and granulomatous lesions of liver from wild-type and CCR5 Ϫ/Ϫ mice at 8 weeks postinfection was studied. Immunohistochemical analysis of spleens suggested that the number and the distribution of Foxp3-positive cells were similar in spleens from infected wildtype and CCR5 Ϫ/Ϫ mice ( Fig. 3a and b, respectively) . By using flow cytometry, we confirmed that the percentages of FoxP3 ϩ
CD4
ϩ lymphocytes in the spleen of Schistosoma-infected mice at 8 weeks were similar for wild-type and CCR5 Ϫ/Ϫ mice (Fig.  3e) . However, tissue section analysis revealed that FoxP3-positive cells were frequently found in the periphery of granulomatous lesions of wild-type S. mansoni-infected mice (Fig. 3d ) but were rarely found in granulomas of CCR5 Ϫ/Ϫ mice (Fig.  3c) . The number of FoxP3 ϩ CD4 ϩ events in isolated granuloma cells, evaluated by flow cytometry, was very low; therefore, we evaluated FoxP3 ϩ cells recruited to the infected liver by directly counting FoxP3-positive cells in cross sections of S. mansoni egg-associated granulomatous lesions. As shown in Fig. 3f,a significantly Ϫ/Ϫ mice after S. mansoni infection. Mice were infected with 25 cercariae, and mortality was observed for 14 weeks. There were 13 infected WT and 16 infected CCR5 Ϫ/Ϫ mice at the beginning of the experiment. For noninfected mice (5 animals/group), the percentage of survival was 100% regardless of the phenotype or experiment (P Ͻ 0.0001 for comparisons of infected WT and infected CCR5 Ϫ/Ϫ mouse survival curves). The experiment was repeated 3 times, and the mortality rate was observed during 11 to 14 weeks of infection, with similar results. wild-type and CCR5 Ϫ/Ϫ mice ( Fig. 3c and d, respectively) , and therefore, we focused our analysis of Schistosoma-infected mice at 11 weeks of infection.
Hepatic inflammation in wild-type and CCR5 ؊/؊ mice infected by S. mansoni. To assess liver pathology, we first evaluated the appearance of granulomas in infected mice of both phenotypes at 11 weeks after S. mansoni infection. It was observed that the pattern of collagen deposition and the cellularity of the granulomatous reaction were different for each mouse phenotype, as shown in Table 1 and as illustrated in Fig.  4 . The majority of granulomatous reactions found for infected mice of both phenotypes showed widespread collagen deposition (Fig. 4A2, A3 , and B2). The pregranulomatous reactive stage (poor in collagen) and the granulomatous stage with widespread collagen deposition (without restricted predominance in either layer) were found with similar frequencies in mice of both phenotypes (Table 1) . Wild-type mice also displayed large numbers of granulomatous reactions (over 30% of analyzed granulomas) with a more peripheral kind of collagen deposition, much in agreement with what has generally been described in the literature for liver granulomas induced by S. mansoni eggs (Fig. 4A4, A5, and A6 ). On the other hand, CCR5
Ϫ/Ϫ mice distinguished themselves by the high number of granulomas with collagen deposition in the paracentral region ( Fig. 4B5 and B6 ) and granulomas with exuberant collagen deposition in the paracentral and peripheral layers ( Fig.  4B3 and B4) . The inversion of the collagen deposition pattern from the typical periphery-confined distribution detected in chronically WT-infected mice to the larger accumulation of collagen in the paracentral layer of granulomas observed for CCR5-deficient mice was statistically significant (Table 1) .
In addition to the difference in collagen deposition, we also observed larger amounts of infiltrating cells in granulomatous reactions of infected CCR5-deficient mice ( Fig.  4B4 and B5 ). Liver sections stained by H&E showed that granulomatous lesions of infected mice have eosinophils, fibroblasts, and other mononuclear cells. However, mononuclear cells seemed to be present in larger numbers among granulomas of infected CCR5 Ϫ/Ϫ mice (Fig. 4B8) . To support this observation, we measured enzymatic activity for eosinophil peroxidase (EPO) and macrophage N-acetylglucosaminidase (NAG) in livers of both experimental groups. There was a significant increase in EPO activity in livers of infected mice, which is in agreement with the large number of eosinophils observed in liver tissue by histological analysis (Fig. 4A8 and  B8 ). However, there was no difference in EPO activity in livers of S. mansoni-infected CCR5 Ϫ/Ϫ mice compared to the activity observed for infected wild-type animals (Fig. 4C) . In contrast, there was a greater increase in NAG activity in the livers of infected CCR5
Ϫ/Ϫ mice compared to wild-type mice at 11 weeks after infection (Fig. 4D) , indicating that an increased number of macrophages would contribute to the greater cellularity detected in granulomatous inflammations of infected CCR5 Ϫ/Ϫ mice. 
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To measure the differences in liver granulomatous inflammation observed for the histological analysis, we quantified the amount of hydroxyproline in the liver tissue and the volume of the granulomas in chronically infected wild-type and CCR5 Ϫ/Ϫ mice. The data showed that the increase in the hydroxyproline concentration induced by S. mansoni infection was significantly higher in CCR5 Ϫ/Ϫ mice (Fig. 5A ). Moreover, the increased level of hydroxyproline content detected in livers of infected CCR5 Ϫ/Ϫ mice was independent of the number of eggs retained in the tissue (Fig. 5B) . A comparison between infected wild-type and CCR5
Ϫ/Ϫ mice also showed that the average volume of the granulomatous reaction of CCR5 Ϫ/Ϫ mice was statistically greater than that of wild-type mice (Fig. 5C) .
In vitro cytokine production by splenocytes. The concentrations of cytokines, namely, IL-4, IL-5, IL-10, IL-13, and IFN-␥ (Fig. 6 ), were measured in the supernatant of SEA-stimulated spleen cells from normal and infected wild-type and CCR5 Ϫ/Ϫ mice. Generally, no major cytokine production was found in the supernatant of spleen cells from noninfected mice even after SEA stimulation. Low or undetectable levels of cytokines Ϫ/Ϫ mouse, mostly mononuclear cells (arrows). Mice were infected with 25 cercariae, and liver tissues recovered from noninfected or infected mice (at 11 weeks of infection) of both phenotypes were sectioned and stained with Picro-Sirius (A1 to A6 and B1 to B6) or H&E (A7, A8, B7, and B8). Bars, 5 m (B8), 12 m (A8), and 50 m (other panels).(C and D) Eosinophil peroxidase (EPO) activity (C) and N-acetylglucosaminidase (NAG) activity (D) in liver homogenates of noninfected and 11-week-infected wild-type and CCR5 Ϫ/Ϫ mice. *** , P Ͻ 0.001; ** , P Ͻ 0.01 (for infected versus noninfected mice of the same phenotype). #, P Ͻ 0.05 for infected wild-type versus infected CCR5 Ϫ/Ϫ mice.
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on September 12, 2017 by guest http://iai.asm.org/ were also observed for the culture supernatant from nonstimulated cells from infected mice of both groups. Stimulation with antigen induced significant increases in the levels of synthesis of IL-4 ( Fig. 6A ), IL-5 ( Fig. 6B ), IL-10 ( Fig. 6C ), IL-13 ( Fig.  6D) , and IFN-␥ (Fig. 6E) . When the levels of cytokines produced by stimulated cells from infected wild-type or CCR5
Ϫ/Ϫ mice were compared against each other, statistically significant increases in levels of IL-5 and IL-13 and a decrease in the level of IL-4 was found for the CCR5 Ϫ/Ϫ mice versus the wild-type group. The CCR5 deficiency did not affect the production of IL-10 or IFN-␥.
We have also measured the concentrations of two chemokines (CCL3 and CCL5) that are agonists of the CCR5 receptor. The stimulation of spleen cells from infected animals with SEA induced an increase in the level of secretion of CCL3 (Fig. 7A ). The increase in the level of CCL3 production was greater in CCR5 Ϫ/Ϫ mice than in wild-type mice. It is worth highlighting that CCL5 was produced by spleen cells derived from infected animals even in the absence of in vitro antigen stimulation (Fig. 7B) . Again, the level of production of CCL5 was greater in the CCR5 Ϫ/Ϫ group. The level of CCL3 in liver homogenates of infected animals was also greater in CCR5 Ϫ/Ϫ mice than in wild-type mice (1,201 Ϯ 90 pg/100 mg liver for infected WT mice and 1,755 Ϯ 95 pg/100 mg liver for infected CCR5 Ϫ/Ϫ mice; P Ͻ 0.01), while CCL5 levels in liver homogenates of infected CCR5 Ϫ/Ϫ or wild-type mice were not different (data not shown).
DISCUSSION
CCR5 is one of the receptors for CCL3, a chemokine previously shown to play an important role in the pathogenesis of human and murine schistosomiasis (16, 41, 42, 43) . Here, we demonstrate that in the absence of CCR5, S. mansoni infection is severely deleterious to the host, as shown by an increase in mortality rates and egg-associated liver pathology. The lack of CCR5 resulted in larger granulomas, an enhanced deposition of collagen, and an enhanced production of IL-13, a fibrogenic cytokine. Differences in pathology and lethality were not associated with changes in parasite burden, worm fecundity, or egg retention in the liver. The lack of CCR5 was associated with a decreased accumulation of FoxP3-positive cells.
The role of CCR5 in inflammation is controversial and apparently depends on the experimental model used. While some studies clearly demonstrated an inhibition of certain inflammatory parameters in CCR5 Ϫ/Ϫ mice, others showed an exacerbation of inflammation in gene-deleted mice, uncovering a modulatory role of this chemokine receptor. Toxoplasma gondii-infected CCR5-deficient mice (26) showed less of an inflammatory response that was associated with the deficient migration of NK cells to the infection site and, consequently, lower levels of IFN-␥ production. As a result, CCR5
Ϫ/Ϫ mice were more susceptible to infection with T. gondii but were less susceptible to immune-mediated tissue injury. Other examples of the proinflammatory role for CCR5 include studies showing that CCR5
Ϫ/Ϫ mice infected with Trypanosoma cruzi had less intense myocarditis due to the diminished migration of T cells to the heart (29) and a scarcer eosinophilic infiltrate, goblet cell hyperplasia, and diminished fibrosis after intrapulmonary challenge with Aspergillus fumigatus (40) . Under certain experimental conditions, the CCR5 deletion can exacerbate inflammation. For instance, CCR5-deficient mice exhibited enhanced delayed-type hypersensitivity and an increase in T cell-dependent humoral responses (47), a higher level of pulmonary infiltrate after Mycobacterium tuberculosis infection (2), and a higher rate of liver failure-associated death after concanavalin A (Con-A) administration (1). In our experiments, the absence of CCR5 was clearly associated with enhanced granulomatous inflammation. Indeed, egg-associated granulomas in CCR5-deficient mice were larger and displayed more fibrosis and greater macrophage infiltration than those of WT mice. In addition, the patterns of collagen distribution were different for the two groups of mice. In CCR5-deficient mice, there were many granulomas in which two layers of collagen deposition were observed, suggesting a more aggressive behavior of the granulomatous response. This enhanced granulomatous response was associated with an enhanced lethality rate, suggesting that it was contributing to the death of animals. Similar findings were observed previously for S. mansoni-infected IL-13R␣2-deficient mice, in which there was enhanced liver pa- Ϫ/Ϫ mice. (C) The granuloma volume was estimated from images of isolated granulomas containing a single viable egg at a ϫ200 magnification. At least 30 granulomas were captured from each animal, and there were 9 to thology that was associated with enhanced lethality rates (32) . As the enhanced granulomatous response appeared to contribute to disease severity, we investigated molecular and cellular markers associated with this enhanced response.
The stimulation of splenocytes from infected mice with egg antigens showed an enhanced production of IL-13. The role of IL-13 in S. mansoni-induced fibrosis is well established for mice (8, 9, 10, 17, 25, 31, 32) , results which have been confirmed for humans (12, 14, 30) . In contrast, IL-4 does not seem to be essential for the liver fibrosis induced by egg deposition (22) . Indeed, studies with IL-13R␣1-deficient mice show decreased granulomatous inflammation with poor collagen deposition and reduced rates of mortality (37) . Therefore, the enhanced secretion of IL-13 observed for CCR5 Ϫ/Ϫ mice may have contributed to the exacerbated granulomatous response and increased lethality.
Regulatory T cells express multiple chemokine receptors (28) . Nonetheless, data from studies with humans and experimental animals have suggested that CCR5 may be particularly important for regulatory cells exhibiting a high level of effector function (24, 33) . Moreover, for mice infected with Leishmania major, it was shown previously that CCR5 expression favors the recruitment of cells with regulatory properties to the infection site, leading to the persistence of the parasites in the skin (46) . Recently (27) , it was demonstrated with H. capsulatum-infected mice that CCR5 influenced Treg homing and proliferation in the lung. Considering the suggested role of CCR5 in the recruitment of regulatory T cells to sites of inflammation, we examined the expression of FoxP3 in cells from spleens and livers of infected wild-type and CCR5 Ϫ/Ϫ mice. The evaluation was done 8 weeks after experimental infection, because we reasoned that regulatory events would appear before changes in pathology and mortality would occur. Even though we detected similar proportions of FoxP3 ϩ cells in spleens of infected mice, there was a reduction in the recruitment of FoxP3 ϩ cells into the liver granulomas of infected CCR5 Ϫ/Ϫ mice. We have not investigated in detail the phenotype of FoxP3 ϩ cells. However, these results suggest that the recruitment of FoxP3 ϩ cells, many of which are T regulatory cells and have regulatory function, is decreased in the liver of CCR5-deficient mice. Therefore, the decreased recruitment of cells with a regulatory phenotype into the granulomatous lesion of S. mansoni-infected CCR5 Ϫ/Ϫ mice may also account for the increased pathology and lethality detected in our experimental model.
Another interesting finding with mechanistic implications was the demonstration that there were elevated levels of CCR5 ligands, especially CCL3, in infected CCR5-deficient mice. Levels of CCL3 are associated with more severe disease in humans infected with S. mansoni, and infected CCL3-deficient mice have less disease (42) . In addition to CCR5, CCL3 may bind to other receptors, especially CCR1 (34) . It was demonstrated previously that lung granulomas induced by the intravenous injection of S. mansoni eggs were smaller in CCR1-deficient mice than in wild-type controls (19) , suggesting that CCR1 plays a positive role in controlling granuloma size. Therefore, the observed increase in levels of CCL3 may contribute to disease severity by stimulating CCR1, even in the absence of CCR5. However, why were levels of CCL3 increased? A previous study by Cardona and colleagues (4) provided an interesting mechanistic insight. Those authors showed that chemokine receptors may function as scavengers of the chemokines to which they bind. In the absence of CCR5, chemokines which bind to CCR5, including CCL3 and CCL5, may be enhanced in the circulation and tissues and bind to their other receptors, including CCR1. In our experimental situation, higher levels of CCL3 in S. mansoni-infected CCR5-deficient mice could now activate CCR1 and contribute to the observed enhancement of granulomatous inflammation.
In conclusion, we have shown here that the CCR5 deletion is deleterious to the mouse host in the course of S. mansoni infection. This fact is evidenced by the increased lethality rates and in worsened disease parameters, including the increased production of IL-13, enhanced granuloma size, and alterations in the amount and pattern of collagen deposition around the eggs. Mechanistically, the absence of CCR5 caused a reduction of the recruitment of FoxP3 ϩ cells to granulomatous lesions, increased levels of CCL3, and enhanced macrophage infiltration in liver, suggesting a modulatory role for CCR5 in the context of S. mansoni infection.
